We report a novel Fourier transform method for measuring two-photon excitation spectra. We demonstrate this method using simple dye molecules and discuss its applications in two-photon fluorescence microscopy and optimal control. This method facilitates an intuitive interpretation of recent control experiments in terms of tuning the nonlinear spectrum of the exciting laser source. © 2005 Optical Society of America OCIS codes: 300.6410, 020.4180, 020.1670, 180.2520 Pulse-shaping-based control of nonlinear lightmatter interactions has recently found novel applications in microscopy. [1] [2] [3] [4] Single-pulse coherent antiStokes Raman scattering microscopy 1 has been demonstrated, as has the ability to selectively excite two-photon fluorescence in different dye molecules 2, 3 or to enhance two-photon fluorescence while suppressing unwanted three-photon fluorescence. 4 This last study used learning-loop-based optimal control, 5 which had been demonstrated previously for the control of two-photon fluorescence in dye solutions. 6, 7 In learning-loop-based optimal control it is generally difficult to extract the underlying control mechanism from the optimal solutions. However, when the lightmatter interaction occurs in the perturbative regime, the outcome is entirely determined by the system's multidimensional response function at the appropriate order of the optical nonlinearity. This implies that learning loops performed in this regime could be replaced by calculations when the response function is known. In the case of two-photon absorption, and assuming no intermediate resonant levels, the system's multidimensional response reduces to the onedimensional two-photon excitation (TPE) spectrum g ͑2͒ ͑͒ of the medium. The TPE efficiency is then simply proportional to the integral of the overlap between g ͑2͒ ͑͒ and the power spectrum of the second harmonic (SH), ͉E ͑2͒ ͉͑͒ 2 . In this Letter we present a Fourier transform method for measuring TPE spectra. This method is easily implemented and will be useful for microscopists to guide the design of optimum pulse shapes for use in two-photon fluorescence microscopy. We also demonstrate that learning-loop experiments similar to one recently published by Brixner et al. 7 can be understood with this measurement.
Pulse-shaping-based control of nonlinear lightmatter interactions has recently found novel applications in microscopy. [1] [2] [3] [4] Single-pulse coherent antiStokes Raman scattering microscopy 1 has been demonstrated, as has the ability to selectively excite two-photon fluorescence in different dye molecules 2, 3 or to enhance two-photon fluorescence while suppressing unwanted three-photon fluorescence. 4 This last study used learning-loop-based optimal control, 5 which had been demonstrated previously for the control of two-photon fluorescence in dye solutions. 6, 7 In learning-loop-based optimal control it is generally difficult to extract the underlying control mechanism from the optimal solutions. However, when the lightmatter interaction occurs in the perturbative regime, the outcome is entirely determined by the system's multidimensional response function at the appropriate order of the optical nonlinearity. This implies that learning loops performed in this regime could be replaced by calculations when the response function is known. In the case of two-photon absorption, and assuming no intermediate resonant levels, the system's multidimensional response reduces to the onedimensional two-photon excitation (TPE) spectrum g ͑2͒ ͑͒ of the medium. The TPE efficiency is then simply proportional to the integral of the overlap between g ͑2͒ ͑͒ and the power spectrum of the second harmonic (SH), ͉E ͑2͒ ͉͑͒ 2 . In this Letter we present a Fourier transform method for measuring TPE spectra. This method is easily implemented and will be useful for microscopists to guide the design of optimum pulse shapes for use in two-photon fluorescence microscopy. We also demonstrate that learning-loop experiments similar to one recently published by Brixner et al. 7 can be understood with this measurement.
Phase-only pulse-shaping has been a popular strategy for many recent control schemes. The spectral phase of a laser pulse can control a multiphoton process in a number of ways. The most trivial of these is to lengthen the pulse, thereby reducing the peak intensity and avoiding saturation effects. 7 Although phase-only shaping leaves the amplitude of the fundamental spectrum untouched, it has a direct influence on the spectral amplitude at higher harmonics. In the case of two-photon absorption it can be used to tune the SH spectrum in such a way as to enhance a given two-photon process at the expense of another.
2-4,6,7 For a laser pulse field e͑t͒ the available light for performing two-photon processes (assuming no intermediate resonant levels) is characterized by the SH power spectrum 2, 8, 9 :
where E͑͒ = ͉E͉͑͒exp͓i͔͑͒ is the Fourier transform of e͑t͒ and E ͑2͒ ͑͒ is the Fourier transform of e͑t͒ 2 . It is well known that the SH power spectrum of a laser pulse, given in expression (1), can be obtained experimentally from the 2 0 component of the Fourier transform of a second-order interferometric autocorrelation (IAC), 10 where 0 is the central laser frequency. Similarly, recording the fluorescence signal of a dye as a function of the time delay between a sequence of two collinear ultrashort pulses produces an IAC distorted by the frequency dependence of the medium response. For example, in the case of narrow atomic transitions the long-lived oscillations in the IAC are related to atomic frequencies and hyperfine structure. [11] [12] [13] More generally it can be easily shown that the 2 0 component of the IAC Fourier transform is simply equal to the product between the SH power spectrum and the TPE spectrum, g ͑2͒ ͑͒, of the medium 2 : S͑͒ ϰ g ͑2͒ ͉͑͒E ͑2͒ ͉͑͒ 2 . This equation includes the particular case in which response function g ͑2͒ ͑͒ is frequency independent, as in SH generation in a thin nonlinear crystal or two-photon absorption in a photodiode of broadband absorption spectrum. Thus simultaneous IAC measurements of such a broadband reference signal and the two-photon fluorescence permit the determination of the TPE spectrum of the dye with a simple division after Fourier transform of the IACs. We also note that our approach is related to multidimensional spectroscopy, except that the one-dimensional nature of the system response g ͑2͒ ͑͒ allows a one-dimensional measurement. It is also related to the measurement of coherent anti-Stokes Raman scattering spectra with a broadband pulse shaped so as to generate a sequence of pulses. 1 In both cases the frequency resolution is determined by the inverse of the maximum time delay between the excitation pulses. Thus long delays, which are easily achieved here with a Michelson interferometer, provide a measurement with essentially arbitrary frequency resolution.
To perform the IAC measurements, a sub-20-fs Ti:sapphire oscillator (center wavelength of 820 nm) was sent into a Michelson interferometer as shown in Fig. 1 . Ninety percent of the output of the interferometer ͑30 mW͒ was loosely focused (to avoid saturation effects) into the dye sample, and the fluorescence signal was detected with a photomultiplier tube. The remaining 10% was focused into a GaAsP two-photon photodiode to characterize the laser's SH spectrum. The analog signals were digitized at 5 MHz, and the pulse time delay was monitored accurately with a He-Ne laser ͑633 nm͒. 10 A similar setup was used for the optimal control experiment discussed below, with the insertion of a Dazzler acousto-optic pulse shaper. 15 The SH spectra of the shaped pulses in the control experiment were measured by IAC at the two-photon diode, using the Dazzler for the pulse shaping and the Michelson interferometer to scan the delay.
Two 1-mM dye solutions of Coumarin 460 and Rhodamine 590 (Exciton, Inc.) dissolved in methanol were studied with the Michelson interferometer setup. Figure 2(a) shows the 2 0 component of the Fourier transforms of the two-photon diode and fluorescence IACs. Figure 2(b) shows the extracted TPE spectra, and the measured one-photon absorption spectra of the two dyes. Although nonlinear excitation and one-photon absorption spectra are often similar, 16 as we see in Coumarin 460, they can also show significant differences, 17, 18 as illustrated by Rhodamine 590. The nonlinear response characteristics of many dye molecules have been studied carefully by Xu and Webb 16 and Xu et al., 19 and, where the TPE spectra were measured, they were obtained with a tunable narrowband source. We employ here a broadband source, suitable for microscopy or optimal control experiments, to measure the spectrum with high frequency resolution over the relevant bandwidth while demonstrating the capability of determining the TPE spectrum by use of an IAC. The ability to characterize the TPE spectrum of a dye provides insight into a simple optimal control experiment. The experiment consists of maximizing the ratio of fluorescence emission of Coumarin 460 to the SH pulse energy 7 measured here with a two-photon diode. The ratio measurement is used to avoid the trivial solution of a transform-limited pulse, which maximizes both the Coumarin fluorescence and the SH pulse energy. To perform the experiment, we used the Dazzler pulse shaper controlled by a genetic search algorithm 20 (GA), applying phase-only shaped pulses to optimize the ratio. The search began with 50 random individuals, each with a genome of ten genes. A polynomial basis was used, with each of the ten genes corresponding to the amplitude of a polynomial order of the phase, beginning at second order, and encoded with 6 bits. For each generation the fitness of each individual was evaluated and all but the top 40% were discarded. The next generation was formed by successively replicating the top individuals until a population of 50 was reached. The new generation was then subjected to mutation (6%) and recombination (80%). To avoid division by near zero at low signal levels, the fitness of the individual was assigned a value of zero below a minimum SH energy (ϳ1% of the final value attained). The GA typically converged after 10-20 iterations.
A few issues must be considered when using the Dazzler pulse shaper with an oscillator. The finite propagation time of the acoustic wave through the acousto-optic crystal means that each oscillator pulse interacts with a different acoustic field and is therefore shaped differently. By using the Dazzler at 20 kHz and digitizing the pulse train at 5 MHz, we can select pulses that always interact with the same acoustic waveform. In addition, for phase-only pulse shaping the pulses must remain short enough that they are not inadvertently amplitude shaped by truncation of the acoustic waveform in the crystal. This can be accomplished by calculation of the degree to which each acoustic waveform cuts the fundamental spectrum and application of a fitness penalty to avoid solutions that exploit amplitude shaping. Representative results of the optimal control experiment in Coumarin 460 are given in Fig. 3 , which shows the SH spectrum of an optimal pulse shape found by the GA that gave a fitness of 1.3 (where a fitness of 1 corresponds to a transform-limited pulse). This pulse displays a SH spectrum that peaks at the blue edge of the unshaped SH laser spectrum owing to the simultaneous arrival of the corresponding frequency components of the shaped pulse (see shaded area in Fig. 3 inset) . One can understand this result by noting that the TPE amplitude of Coumarin 460 increases toward the blue [see Fig. 2(b) ], whereas the response of the two-photon diode is spectrally flat. 21 Thus we expect that optimal pulses found by the GA should be characterized by two-photon spectra that are tuned to the blue. To confirm that tuning the SH spectrum was responsible for the control we achieved, we calculated the fitness based on our measured TPE spectrum, the measured fundamental laser spectrum, and spectral phase applied by the Dazzler (see inset of Fig. 3 ). The fitness calculated for the optimal pulse was found to be 1.34, and repeated measurements consistently yielded agreement between experiment and calculation to within 5%, confirming that we understand the control mechanism. We note that considerably higher fitness values were achieved under conditions where the fluorescence was saturated and trivial lengthening of the pulse enhanced the fluorescence/SH ratio.
In summary, we have demonstrated a Fourier transform technique for the measurement of TPE spectra using a broadband laser source. This method will find applications in microscopy, where it can be used to determine the TPE spectra of fluorophores over the bandwidth of the excitation source with arbitrary spectral resolution. These measurements can guide the design of pulse shapes for selective TPE of different fluorescent species. We have also gained an intuitive understanding of a simple optimal control experiment in which the two-photon fluorescence of a dye was optimized with respect to SH pulse energy. In this case, comparison of the measured TPE spectrum of the dye and the SH spectrum of the optimum pulse revealed the control mechanism. Our measurement of the TPE spectrum permitted us to calculate the control that we could achieve in our learning-loop experiment, and the quantitative agreement we found with the experiment verified that we understood the mechanism of control. We believe that similar examinations of spectral overlap at the appropriate order of interaction will lend insight into other control experiments.
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